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SUMMARY 

The digital computer program described in this  report  was  
."..#..I .I , . 

written for  the purpose of estimating POGO and EGO attitude control 

gas budgets. In contrast  t o  one previously developed by STL,:K the 

present  program specifically includes a detailed siq.ulation of booms, 

experimental packages and antennae, together with their  shadowing by 

the spacecraft body and solar paddles, The object of the present pro-  

g r a m  was t o  check the STL gas budget computations on the assumption 

that these la t te r  might be unduly optimistic. 

This suspicion w a s  found t o  be well grounded, F o r  a proposed 

POGO initial orbital  of 150 n. m. perigee, it was found that the total 

gas  available would be exhausted within about 2 months of the launch 

epoch. Boosting the initial perigee to  180 n. m. and 200 n. ni. ra ised 

the lifetime to  about 4 months and 7 months, respectively. Complete 

elimination of aerodynamic torques gave a life of only 11 months; 

hence, evidently, no raising of - .  initial perigee height, within reason-  

able l imits ,  w i l l  ext,end the lifetime t o  a year .  

D. D. Otten, "OGO Attitude Control Subsystem Description, 
Logic, and Specifications, Space Technology Laboratories Inc. , 
231 3 -0004 -RU-000,  December 196  1. . .  

4- 1. 
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The program takes  into account torques due t o  aerodynamic and 

Analysis of the output data r e -  so la r  p re s su res  and gravity gradient. 

vealed that aerodynamic yaw torque w a s  the major cause of gas  expen- 

diture up to  an initial perigee altitude of about 200 n. m. , i. e . ,  within 
.".e.. I .r , . 

the range of interest  for  POGO, 

of this  torque was due t o  the unbalancing effects of the EP5 to rus  and 

Fur ther  analysis disclosed that most. 
.- 

w .  

the SOEP V L F  antenna. At NASA's suggestion, POGO flights w e r e  

simulated with these two antennae undeployed, both singly and in  com-  

bination. 

doubled the satel l i te ' s  oriented lifetime; the corresponding improve - 

At 180 n. m. suppression of the deployment of both antennae 

ment ,at 200 n. m. was, of course, somewhat less ,  due t o  the thinner 

atmosphere.  

The only other major  source of t.orque was gravity-gradient yaw. 

Some attempt w a s  made t o  identify sources  of e r r o r  and bias in 

these  lifetime figures and to  a s s e s s  their  order  of magnitude. A major  

weakness is the uncertainty of atmospheric density a s  a function of 

height; a second ser ious bias concerns uncertainties in the value of 
' i .; 

the  aerodyn'amic reflection coefficients. Two major  weaknesses in  

the program itself a r e  the omission of coulomb drag effects (which, it 

is demonstrated, may be considerable, due t o  POGO'S high projected 
.. . ._ . . .  ~, ,  

per ime te r )  and the inability to follow t rue  yaw angle during an eclipse. 
; I  ' 

) '  i * ' 
P L  

* .  

, f ,  
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It appeared that the joint effects of these and other uncertainties could 

impose a fourfold e r r o r  upon computed gas  budgets. 

The possibility o€,.mrrecting torque imbalance by the addition of 

compensating "sail" surfaces  t o  the satellite, and hence prolonging 
.. - .x 

... 
satellite life, was raised by NASA. This remedy was examined and 

shown t o  be Alnerable  to  errors in the est imates  of'aerodynamic r e -  

flection coefficients. 

EGO gas budget computations contrast  very favorably with those 
* 

of POGO. It was found that a year  in orbit consumed only about 150 

pound-seconds of gas. Further,  this  estimate i s  not subject to  the 
! 

same e r r o r s  a s  those of POGO. 

only a small  fraction o! *:he orbital period during ear ly  orbits;  increases  

The satell i te i s  in the atmosphere for 
7 

I 

in perigee altitude lift the entire orbital out of the atmosphere within a 

few weeks a f te r  the launch epoch. Hence, EGO torques a r e  largely due 

t o  solar  p re s su re  and gravity gradient, both of which can be computed 

with reasonable accuracy. 
~ I -  .I 

* .  -. ~ 

A paramet,ric analysis w a s  made of gas  budget dependence upon 

orbital  inclination to  the sun  vector, and the angular position of perigee 

relative to  the projecticn-of theesun vector onto the orbital  plane. ,4t 

the same time, some attempt was made to  rationalize thsse values by 

a deductive examination of the effects of orbital orientation ,upon torque 
. *  

: 
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. 

magnitudes, careful distinctions being made between secular  (i.e., cu- 

mulative) and cyclic disturbance torques, 

The program assumes  that attitude control functions normally; 

t h i s  permitted dynamic simulation of the satell i te to  be omitted, 

consequence, gas consumption cannot be followed historically, in t e r m s  

As a 
~ 

of discrete  gas  firings, but only macroscopically, in t e r m s  of the 

amount of impulse required t o  unload a total accumulation of angular 

momentum. The program computes gas  expenditure pe r  orbital  cycle. 

Total expenditure over a 1 2  -month period is estimated by sampling 

orbi ts  at intervals throughout, Gas budgets reported herein were based 

upon sampling orbitals at 1 5 -day intervals. 

allowed for by adjusting parameters  of each orbital. 

ments included precession of perigee, regression of line of nodes, 

movement of the sun vector, changes in eclipse angles, and changes 

in perigee height and orbital eccentricity. 

Orbital perturbations a r e  

These adjust - 

All of these can be obtained 

analytically, and were so obtained, except for the las t  two, which were 

supplied by NASA for selected E0,GO and EGO flights. 
e. . 

An appendix has,been added a s  a convenience, describing how 

initial orbital pa rame te r s  may be computed from the injection pa ram-  

e te rs .  
-. . L L  ” * . I  

I 

-ix - 



" , r r . . i . l  , . 

. I. DESCRlPTlON OF COMPUTER PROGRAM 

. , .I 

" . ' . .  



. 

I. DESCRIPTION OF COMPUTER PROGRAM - I_ 

“ . “ . * I d  I . 

1 .- INTRODUCTION .. . ... 

An outline of the program is presented in the flow chart  at the 

end of this  section. 

The program accepts inputs for a number of different orbi ts  r e p -  

* 
resenting discrete  samples  at intervals  in the .arbital history of the 

satell i te throughout the year .  

I 

Each orbital revol  ion is broken down into a number of equal in-  
i 

t e rva ls  (this number bei-ig a n  input t o  the program)  and torques com-  

puted for aerodynamic, solar, and gravity-gradient for each increment 

around the orbital, Any combination of these three  categories may be 

suppressed by suitable input designations. 

’ i .I 
Torques a r e  converted ifko torque impulses  (=  angular momenta) 

and dumped into an inertial  coordinate system, All control torques 

(which a r e  not computed in this program)  a r e  assumed to cancel, Cyclic 

components of disturbance torques computed by the program wi l l  auto- 
.. .,- . 1 ,.. . 

matically self-cancel as they a r e  dumped into the iner t ia l  system. 
: r  ’ 

!’. ’ ; ‘ 

: r  . 

8 
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The total angular momentum for the x, y, and z coordinates ob- 

tained for each orbit is converted into a gas  expenditure (in pound- 

Notations and subroutine details  a r e  presented in separate  s e c -  

' i .I ' .  t ions below. 
I .  I 

seconds) for that orbit. 

orbi ts  occurring in that sampling interval to obtain the gas  expenditure 

This figure is multiplied by the number of 
"...*.(,, , . 

for the corresponding r ea l  -time interval. 

tures  are cumulated for  successive orbital  intervals  t o  give the total 

Finally, these gas expendi- . _-- __.- 
4 

*. 
e 

gas  budget requirement for the satell i te lifetime. 

Detailed printouts a r e  available on demand for each orbit. In the 

absence of such demand, these outputs a r e  sukpressed. 
'+ 

The EGO spacecraft has minor s t ructural  differences compared 

to  POGO (chiefly with respect to the angular orientation of the EP5 

torus) .  

I 

? 

Also, the more eccentric orbit cal ls  for different sampling 

intervals around the orbital.. These two modifications a r e  controlled 

by a POGO/EGO switch which is set  by an input card  a s  required,  

2. DEFINZTTONS OF ORBIT PARAMETERS 

P -  - GM (grayitatianal constant G t imes  m a s s  of ear th  M) 
= 1. 408 x lo1" ft." /see.' in the English system 

- r - Radius of ear th  = 2, 0902913 x 10" feet 
' :  1 ' e 

a =  1 ' '  ' !, ' Semimajor axis  of ellipse in feet 
, -  . 

I 
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e - - Eccentricity of orbit 

5 - - Inclination of orbit plane from ecliptic plane 

R - - Angle from line of nodes to  perigee (in orbit plane) 
. ' ."*+4.8 , . 

S = Angle of sun vector from equinox line in ecliptic 
plane. Use autumnal equinox, i. e . ,  negative of 
vernal equinox, for  reference line. .. __- -_.- 

.0 

- - Angle from vernal equinox to line of nodes (in eclip- B 9 .  

tic plane). 

?'he penumbra and umbra angles a r e :  

- - Entry into penumbra 
* 

Entry into umbra and exit fr'Dm f i r s t  penumbra 

Exit from umbra and entry into second penumbra 

- - 

- - 

- - 
> 

(All these ai gles a r e  given, in this  order,  a s  measured 

Exit f rom second penumbra. 

f rom perigee. ) 

- - Angle of sun vector (declination) from pprpendicular 
to orbit plane. The range is 0' - < S' - < 180'. 

- - Angle from line of nodes to  satellite position 

- - Period of orbit in seconds 

Time elapsed in each sampling interval. 
' i .I 

9 .  - - 

Equations for Computing Orbit P a r a m e t e r s  

_ _  . %  -.... ~,,, . 

The following equations a r e  used for computing orbit 

par  am et e r s : 

I 

-3 - 



cos  SI > 0, quadrant 1 
cos  SI < 0, quadrant 2 cos  S f  = s i n  E sin (S-6)  , SI 

23ra 4 2  

4-T P P =  

t ' t  = , P  " .-e, I ,1 

number of intervals 

(2)  Method of Solution for Keple i ' s  Equation 

D .  

Keplerls equation is: 

M = E - e sin E, 

where: 

M - -. the mean anomaly angle (expressed in radians)  

E - __ the eccentric anomaly angle (expressed in 
radians)  

e - - the eccentricity of the elliptical orbit ,  

The method of solution employed is an i terative technique given in  

Brouwer and Clemence. :k The technique is a s  follows. iV1 is known, 

and we wish to solve equation (1)  for E. Choose a f i r s t  guess  for 

E, call  it E 

choice). 

(more wi l l  be said l a t e r  about how to make this  f i r s t  

in Kepler ' s  equation, we have: 

0 
' i .i 

Then, replacink E by E 
0 

M = E  - e s i n E  . 
0 0 0 

. . . I* . . .  .. . .., 

Dirk Brouwer and Gerald Clemence, Methods of Celestial  
Mechanics, Academic P r e s s ,  1961,  PP. 84-85. 

JI -I. 

, 
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Then, A E  = E - E and AM = M . -  M Kepler 's  equation 

is a function of two variables and may be written 

0 0 0 0' 

f ( M , E )  ... "*. I .I 

= , . - M + E  - . e  s i n E  = 0 .  (3  1 

Applying Taylor's formula for a function of two variables, * we 

expand f (M, E) in  a se r i e s  about M and E : .. 
0 0 

*. 

where the par t ia l  derivatives a r e  evaluated a t  M 

This  yields 

and E 
0 0' 

\ 

f ( M , E )  = ( -M ' + E  - e s i n E  ) +  
0 0 0 

r 

( - ~ ( M - M  0 ) + (1 - e  cos E 0 )!E-E 0 (5) 

From ( 2 )  the f i r s t  t e rm of (5)  vanishes, so  we have 

) + ( l - e c o s E  )(E-E +. . . .  (6) 
0 0 0 

Recall f rom ( 3 )  that f (M, E), ,= ., . 0. Hence, we se t  ( 6 )  equal t o  
1 .  I. . 

z e r o  and, neglecting the remaining t e r m s  of the Taylor se r ies ,  

obtain 

.. * A  -..... ,., 

See Wilfred Kaplan, Advanced Calculus, Addison-Wesley, rlr 1- 

> 1 , '  1952, p. 370. 7 ,  

" . 

I 
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E - E  = (M-M ) / ( 1 - e c o s E  ) 
0 0 0 

or  A E  = A M  / ( 1 - e c o s E  ) .  
0 0 0 

(7) 

Equation (7)  is only-am approximation. At this  point the problem 

of convergence of the iterative p rocess  can be examined. 

. - __- L_.e 
.-. -- 

In general, the i terative process  is as follows: 

E = first guess  
0 

Step 1. 

Step 2. 

Step 3. 

. Step 4. 

Step 5. 

M = E - e s i n E  i = O,l, .... n 

AM = M - M  (wkere M is the known value 

i i i 

i i of4he mean anomaly angle) 

I s  AM. S e r r o r ?  When M. is sufficiently 
1 1 close t o  the original M, the , 

process  is stopped and E 
is given a s  the solution. i 7 

i A Mi 

ALi = 1 - e  c o s  E 
i 

= E .  + A E  
i+l 1 i 

E 

Go back to Step 1 and repeat the p rocess  
with Ei+l f o r  the (i+l)th iteration. 

It may happen that the process  does not give a convergent s e -  

quence tending to  the solution. To prevent use less  cycling i n  

such a case, the number of i terations is l imited to 25. Usually 

a n  e r r o r  tes t  of 0. 0001 is used, and three or fewer i terat ions 
.. . . - , ~  . ,.,. . 

a r e  sufficient when the eccentricity is small. In other words, 
I ,  * \:. I , ' 

I .  

-6  - 
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when the p rocess  passes  the e r r o r  test ,  we know that the value 

of the eccentric anoma1.y substituted in Kepler ' s  equation gives a 

value for  the mean anomaly differing f rom the t rue  mean anomaly 

by only 0. 0001 radians (or 0. 0057 degrees).  This was  considered 

~ , . , # . . d . ,  , . 

sufficiently accurate  for our purposes. .. 
1 .  

Method for making first guess. If the eccentricity is small, 

as it is in the case of POGO, i t  is sufficient to  make a f i r s t  guess  

E = M. In the case  of EGO, a first guess  of 
0 

E = M + e s i n M + l e 2 s i n 2 M  2 
0 

will be used, as suggested in  Brouwer and Clemence (p. 84). 

There is no indication of how well this  will s e rve  in the case of a 

nearly -parabolic orbit. 

(3 )  Equations for Computing Interval P a r a m e t e r s  

The following equations a r e  used for computing interval 

pa r  am ete r s : . ' 4  .[ 
,. . 

~. . .-.. .. . ..,, 

? I  ' 
1 ' '  I , 
r ,  

" . 

I 
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M - -  

E - -  

v - -  

r - -  

v - -  

Y - -  

\ 

7 - -  

Mean anomaly angle 

E c c eh t r i c a n  om a1 y 
angle 

.“.“.,I., , 1 

True anomaly 
angle 

Radius to center of 
ear th  

Velocity 

Flight path angle 

Angle from ascend- 
ing node to projec- 
tion of sun  vector 

n th 2 r t  
h/I = - , for t i  . t ime 

in te rva l .  11 P .  

M = E-e sin E 

Kepler’s equation, solve 
by iterative procedure. 

z 

r = a(1-e C O S  E )  

e sin E: 
tan Y = Both e q u a -  

tions neces- &2 
s a r y  to  fix 

1 quadrant of Y. 2 
a2(1 -e  

cos  Y = [ r ( 2 a - r )  2 ]  

cos t sin ( S - 0 )  tan ‘7 = - 
cos (S-8)  

* cos I sin ( S - 8 )  __- -__- sin ’I =- 
.I fcOs2(s-~) + cos2[ s in”  ( s -  P )  

Angle froin ascending a = R + v . 
node t o  satellite 

- i - I - - .  .. . ..,. . 

The transformation matrix from body coordinate system 

(xbJ Yb’ z b ) to inertial coordinate system 

follow s : 

, 

-8 - 



1. Yaw Ang le$  

Ilc 1 o r i i i  ii 1 at i o n o f  q ci  a d r  a n t : 

sin ( \ i - q )  < 0 ,  tan 1; .. 0, q u a d r a n t  = 1 

sin (CY-q) < 0 ,  t an( (  < 0 ,  q u a d r a n t  = 2 

L 

' *  

s i n  (P,- q)  > 0, tan  q <  0 ,  q u a d r a n t  = 4 .  - 

i If cos s - 0 ,  a special s i tua t ion  of "noon tu rn ' '  
applies. Thc sun in t l i j  s case l ies in the sanit. 111 m e  as 
the  o r b i t .  
f t . o r i i  0" t o  270' o r  fr*om 270° to O o ,  respcct ivc~ly.  T h c  
torque encounlertd in th i s  t-otxtioil is not talit'ti i n t o  ac - 
count as the contt~ol sysl(.tii is designed to competisatc 
for. these par t ic i i la r  t o r q u e s .  

Thus, c c h c n  7 - 7  L 0' 01' l C O o ,  ' is rotaling 

I 
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(4 )  General Comments 

This program was written in  F o r t r a n  IV for the ISM 7094 

computer and has-been run on the Moonlight System a t  Goddard 

Space Flight Center. The data a r e  input from ca rds  and have 

been arranged with 10  to 20 f r ee  spaces  at the beginning of each -- 

ca rd  (the exact number is indicated in the res6ective format 

statements). 

venience in data identification since the program ignores  them. 

These spaces may be used for the ope ra to r t s  con- 

A listing of the program is given at the end of this section and is 

followed by a sample data listing, 
\ 

Each card  of input data is described in detail under P r o -  

gram Inputs. The card number, variable names, interpretation 

of the variable names, and the format for the card a r e  given. 

The data deck is made up of ca rds  1 to 44 followed by the proper  

number of s e t s  of "type a'' cards.  Each set of "type a'' c a rds  

gives the orbit parameters  for one orbit. - 
'1 -  .! ' .  r .  . 

-. . I - . .  _ .  . I.. 

" . 

I 
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(5) '  P rogram Inputs 

Input data to  the program are  as follows: 

".".. , I . ,  , . 
Card  No. Variable s Interpretation Forma t  

1 NOSHAD, NOSHAD and NEGO are (20X, 415) 
NEGO, options; see- below. 
NDAYS NDAYS is the number of 

days in a sampling in te r -  
val. The orbit  sampling 
process  is described in 
the introduction. 

* -  .- 
a 

2 FNORB Number of pas ses  through (lox, 6 F 1 0 . 3 )  
perigee in a given orbit in  
NDAYS. * 

' *  

3 IAIR, ISUN, Options; s ee  below. (20X, 415) 
IGRAV 

\ 

4 ITPRTA Option; see below. (20X, 415) 

5 F4Y 1 Y -face of experiment four (1 OX, 6 F 1 0 . 3 )  

T 

box I 

6 F4x  X-face of experiment four 
box 

7 CANT High -gain antenna (1  OX, 6F10.  3 )  

8 s2 Sphere of experimgnt two 

9 c3 Cylinder of experiment 
' i .lJ ' .  

I. . 

three 

1 0  c1 Cylinder of experiment 
one 

-.. .'I..... ,.,, . 

1 1  BX SOEP antenna 

1 2  COPEP O P E P  cylinder 

.- I 

' I  

# 
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,. 
Card  No, Va r i a  bl e s Interpretation Forma t  

13 

14 

I 15 

O P E P  - -  

Boom G (B6) Boom of experiment s ix  
- . - . *1 . *  # . 

Sphere 6(S6) Sphere of experiment six 

I 
I 16 Boom 5 (B5) Boom of experiment five 

CYLN 5 (C5) 17  Torus of experiment five, 

18 BOX-x5 ( F ~ x )  X -face of experiment five 
box 

19 B O X - Y ~  (F5y)  Y-face of experiment five 
box 

20 Body dimensions ( see  dia- 
.gram in quoted reference) 

21 W, SGMAS 
(SGMA, 
SGMAP) 

W is a body dimension; 
u , (J are  previously de- 
fined 

2 2  Y, Z,  OPEP, 
PAD (AY,AZ, 
AOP, A P )  

Reflectivity constants for 
y-face, z -face, OPEP, 
and paddle 

(20X, 4F10. 0) 

23 

24 

25 

26 
27 
28 
29 
30 

B6, BX, B5, 
F 5  

Reflectivity constants for 
boom 6, etc. 

(20X, 4F10. 0) 

AC5 Reflectivity _ .  constarlt for (20X, 4F10. 0) 
torus  -. . J' 

OP Areas  of the three  differ- 
ent faces of O P E P  

(20X, 4F10. 0)  

ATMO The atmospheric density (20X, 3E20. 8) 

3 with densities in slugs/ft.  
at 100 n. m ,  and extending 
to 750 n. m. in 50-n. m. * .  

steps. 

""look'-up table. Starting 

I 
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Card  No, 

31 

3 2  
33 
34 
35 

36 
37 
38 
39 

40 * 

41 

42 

43 

44::: 

Variables Interpretation Format 

V 

THRST X 

1 
i 

THRST Y 

XXI, YYI, 
ZZI  

GTHX, 
GTHY, 
GTHZ 

NORBIT, 
NTNTER, 
IPRINT 

ERRKEP 

GM, RE 

Sol.ar p re s su re  constant 

Look-up table for the 
thr t f s t  fo r  the x and z 
momenta (see gas budget 
e s t  imat e ) 

Look-up table for thrust  

., ,“.. I .I 

around z-axis e .  

Moments of inertia about 
x,y, and z axes, respec-  
tively 

X, y, and z principal an -  
.gles ( f rom displacement 
of center  of m a s s )  

* 

NORBIT is the total num- ’. ber  of different orbits, 
! each requiring a set of 

orbit parameters .  
NINTER is the number of 
intervals pe r  orbit  
(NINTER 5 360). IPRINT 
is print  option; see  below. 

I 

Test for solution of Kep- 
l e r ’ s  equation by i terative 
techhique (0. 0001 is a 
good choice) 

. 

GM is gravitational con- 
stant +, and h a s  a value of 
1.408 x 1 O1 €I f t3 / sec?  in 

. . 1.- .  . .  . I.,. . 

(20X, 3E20. 8) 

(lox, 6F10. 3 )  

-I- ,-.- 

.. 1 
(1 OX, 6F10.3J 

(20X, 4F10. 0) 

(20X, 4F10. 0) 

(20X, 415) 

(20X, 4F10. 0) 

(16X, 4E16. 8) 

1. GM and RE a r e  inputs so the program can compute in the c g s or  
k m  s system of units a s  well a s  in the English system. 
minor changes t o  the final gas computations will make the p ro -  
g r a m  completely adaptable to  any system of units. * 

’ 

Some 

” . 

I 
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Format  -~ Variables Interpretation -- Card  No. 

the  English system. RE is 
the  radius  of the earth,  and 
in  the English system the 

".".*# I value 2. 090291 3 x 1 O7 ft .  
was used. 

One set of the following "typ; a" c a r d s  is needed f o r  each*--= 

orbi t  (generally around 25 orbi ts  for a representative run), and 

the number of s e t s  is given by the value of NORBIT on card  42. 

Ca rd  No. 

l a  

2a 

3a  

4a  

Variables Interpretation Forma t  

A Semimajor axis  of*orbit, (20X, E16. 8) 
in units of feet i f  &e En-  
glish system is being em-  
ployed. 

E is orbit eccentricity; 1 
I XI is inclination of orbit  
1 , plane from ecliptic plane 

(in degrees) ;  and S is an- 
gle of sun vector f rom 
vernal equinox (in de -  
grees) .  

I 

(20X, 4F10.  0) E ,  XI, S 

1 

OMEGA, OMEGA is angle f rom line (20X, 4F10.  0) 
B E T A  of nodes to perigee ( i n  

degrees), and BETA is 
' angle -from vernal equi- 

nox t o  apsides (in de-  
g r  e e s). 

I '  

ALPHA1, Penumbra and umbra  an-  (20X, 4F10. 0 )  
ALPHA2, 
ALPHAS, sured from perigee. 
ALPHA4 

gles (in degrees)  m e a -  

ALPHA1 is f i rs t  entry into 
penumbra; ALPHA2 is exit 
from penumbra and entry 
into umbra; ALPHA3 is 

-. ..- 

. I  

b '  , , 
. ,  

I 
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Card  No. Variables Interpretation Forma t  

exit f rom umbra and entry 
into post -umbra penumbra; 
and ALPHA4 is exit f rom 

must be presented in th i s  
order ,  even though 
ALPHA4 may be numeri-  

In the case where only um- 
bra  angles, ALPHA2 and 
ALPHA3, a r e  given, dummy 
in  ALPHAl  and ALPHA4 by 
respectively subtracting and 
adding one -half degree to  
ALPHA2 and ALPHA3. In 
the case of no ecligse, all 
four angles a r e  zero. 

" .".. I .' penumbra. The angles 

- --- ,.--e 
.. cally smal le r  than ALPHAl. -c 

Each set  of "type a'' cards  consis ts  of four cards ,  and these s e t s  

or "decks" are ar Snged serially.  

completes the datk'required for  the program. 

The l a s t  set  of "type a" ca rds  
i 

The data contained on c a r d s  5 through 1 9  a r e  a s  follows 

1.  F o r  all booms (var iables  beginning with "B"): 

Field 1 : X-centroid coordinate (unshaded) 
Field 2:  Y -centroid coordinate (unshaded) 
Field 3: Z :centroid coordinate (unshaded) 
Field 4: Projected a r e a  ( un shade d ) 
Field 5: Length of boom ( un sha de d ) 
Field 6 :  Blank 

_. -,-..... ..,, . 
2. F o r  all spheres,  boxes, cylinders: 

Field 1 : 
Field 2: 
Field 3:  

X -centroid coordinate (unshaded) 
Y -centroid coordinate (unshaded) 
Z -centroid coordinate (unshided)' 

2 .  

I 
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Fie ld  4: Projected a r e a  . (unshaded) 
Field 5: Diameter of sphere (unshaded) 
Field 6: Distance from the body to nearest  . 

point of the sphere. 

(The t o r W  diameter is considered t o  be the 
distance ac ross  the loop. ) 

z The options NOSHAD, NEGO, IAIR, ISUN, IGRAV, and . 

'I. 

ITaRTA are to be used a s  follows: 

' NOSHAD 

NEGO . 

IAIR 

ISUN 

IGRAV 

ITORTA 

= 0 or 1 depending upon whether effects of 
shadowing a r e  to be considered o r  
not, respectively. F o r  EGO runs 
it is more  consistent with program 
logic not to  consider shading, 

. 

= 0 or 1 i f  the satellite h a s  a to rus  in the 
xy or y z  plane, respectively. 

= 0 or 1 Set = 1 i f  it is desired to  skip the 
effects of aerodynamic torque, 

= 0 or  1 As  in IAIR except concerning solar  
torque. 

= 0 or 1 As  in IAIR except concerning 
gravity -gradient, 

= 1 or  2 If ITORTA = i ,  the intervals  at 
, -)' -*hich the torques a r e  computed in 

an  orbit a r e  a function of time. 
This option is intended for use 
with the POGO satellite because 
of its near-circular  orbit. If 
ITQRTA = 2, the intervals a r e  
computed as a function of the t rue  
anomaly angle (i. e. 
perigee).  
for  use with the near-par,abolic 
EGO orbits. v .  

. -  

.. .A- - . ,,, 

angle f rom 
The 2 option is intended 

b # . (  

" . 

I 
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3 .  COMPUTATIONS FOR GRAVITY -GRADIENT TORQUES': 

P 
(1 + e cos v ) 2  

a"(1 .,..Le. -e2)3, I .' . 
Lo 0 =y 
G = - u 2 ( I - I ) s i n 2 @  4 = 4 ( u ~ ( I - I ) Q  
X 2 O P Y  P Y  

G = - 3 u2 (I - I  ) sin 2 8  : 3 uo2 (I '-I ) e  
r Y  2 o r y  Y 

G = - 1 u2 (I - I  ) s i n 2 ( $  1 
g z 2 o p r  

= 660. 5 slug ft.=! xx I 

I = 364. 9 slug ft.* 
YY 

= 924.  8 Slug ft.* 
zz  

I 

Q = -0.57O - + 0.4O 
The plus or minus signs 
a r e  determined by the p r e -  

e = -0.08' - t 0 . 4 ~  vailing torque created by 
so lar  radiation and a e r o -  
dynamic forces.  

= -0.57O - 4- l . o o  + $ O .  % 

The program has  now been amended so  that the moments of in- 
e r t i a  and principal angles a r e  read  in as data. That is ,  I,,, 
Izz, and 0, 8 ,  $ a r e  not constants as given above, but a r e  
variables that may be changed to suit various configurations of 
the spacecraft. 
given above. 

.I- 1- 

. - . ,. 

IYYJ 
g 

The equations for  G,, Gy, and G, remain as 
. ,  

I 
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Gravity -gradient computations employ’equations which take ac  - 

The importance of developing this gyroscopic component in the 

yaw gravity-gradient equation makes  an appreciable differ’ence to the 
3 ,  ’ 

count of the gyroscopic effects due t o  the rotation of the satell i te a t  

orbital rate. Gravity -gradient torques have a semidependence on roil, 

pitch, and yaw angles. In the case of roll and pitch, angles are nomi- 

...“*.<.& , . 

nally zero,  due to  attitude control. But s m a l l  angular deviations arise_ 

from two sources:  ,. 

0 Error  angles associated with the control system 

8 Bias angles due to the slight displacement of the pr in-  
cipal coordinate system from the body-centered s y s -  
tem of the spacecraft, 

\ 

Since cross-product moments of iner t ia  were  very small, they e 
were  neglected in the gravity-gradient equations. 

When actual values for  gravity-gradients were  developed from 

these equations, i t  was  discovered that most gravity-gradient experi-  

enced is due to the yaw angle. This  is an important observation since, 

neglecting product inertial  t e rms ,  yaw gravity-gradient torque van- 

i shes  in the absence of gyroscopic effects. In other words, had the 
’.!* ./ ’ .  

I. 1 

satell i te been inertial  ra ther  than rotating at orbital  ra te ,  overall  

gravity -gradient torques would be greatly reduced. - .  ..- ”.. ,., . 

total  POGO gas  budget, a s  is shown later .  
” . 

I 
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4. SOLAR RADIATION DEGRADATION FACTOR 

When in penumbra, the satell i te encounters l e s s  radiation from 

".".. I  .1 

the sun. The visible a r e a  of th4'sun's disc is computed by assuming 

the ear th  to  be a straightedge moving ac ross  the face of the sun. 

the radiation constant is degraded by the factor of the fraction of the 

total a r e a  that is visible, 

Then 
- 

In the orbi ts  that have been used to  date, 

0 very l i t j le t ime (1 pe r  orbit)  is assumed to  be spent in penumbra. 

This portion of the program should assume more  importance in the 

case  of near -parabolic orbits, 

5. OPTIONAL PRINTOUT FOR EACH INTERVAL 

a 
To obtain this  printout, le t  the print option be 1 on card  l a .  The 

program' gives: 

Orbit variables for time interval q (heading) 

Time in minutes and seconds ( t ime into orbit from perigee) 

Mean anomaly in degrees ,and radians 

Eccentric anomaly in degrees and radians 

a .l 
r .  * .  . 

True  anomaly in degrees and radians 

r, h (height above ear th ' s  surface),  velocity in ft. / sec .  , radial  
component of velocity, perpendicular component of velocity 

.. * I . .  . . .  ..,. . 

Y , V  
See definitions of orbit parameters  for these te rms .  

b ,  , , '  
7 .  0 

I 

-19-  



If 
See definitions of orbit parameters  for these t e rms ,  

P 
Gravity-gradient torque ( 3  components) in body coordinate system 

. , .“*.I . ,  , . 
Aerodynamic torque (3  components) II 1 1  I t  11 

Solar radiation torque ( 3  components) II 11 II 11 

Gravity-gradient torque ( 3  components) in inertial  coordinate system 

Aerodynamic tor  que ( 3  components) I t  1 1  11 

Solar radiation torque ( 3  components) I’ 1 1  I I  II 

At ,  t ime interval change, by which the torques a r e  multiplied to  
obtain torque impulse 

i u m  of torque impulses about the orbit to this t ime,  in nine com- 
ponents, three each for gravity-gradient, aerodynamic, and solar  
radiation 

Sum of x, y, and z torque impulses f rom gravity-gradient, aero-  
dynamic, and solar  radiation individual components (presented a s  
XSUM, YSUM, and ZSUM) 

Total gas  for the orbit in pound-seconds 

Total gas  for number of days elapsed (includes gas  for previous 
orbi ts) .  
seconds) represents  gas used  in all orbits for total days aloft. 

Thus, after the las t  orbit, the total gas  (in pound- 

-. . 

8 
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START 0 

enumbra Angle 

- .  I . .-. 

I. 

. . . .  

Torques To 
Inertial 
System 

8 Grovity- 
Gradient 

I 
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-- 

31. AERODYNAMIC AND SOLAR TORQUE SUBROUTINES 

, 



11. AERODYNAMIC AND SOLAR TORQUE SUBROUTINES 
".rr..i.'  , . 

The classic  equations for  aerodynamic drag in an  atmosphere _-- -_.- .. 
that  conforms to  the restr ic t ions of hyperthermal f r ee  molecular flow 

were  used. In simplest form this  is: 

where: 

P =  

1 F = z p v 2 .  A .  C d ,  

density of .air 

v =  velocity 

7 
A =  unshac 3d projected a r e a  

1 

Cd = drag coefficient. 

For  a flat plate this equation i s  decomposed a s :  

F = 2qA ( 2  - a ' )  s in2  6 (normal force)  n 

Ft 

, ~ !* .i 
= 2qA CI s in  6-'. '  cos 6 (tangential force)  

where: 

1 dynamic pressure  = z pv2 q =  . . - . - .  <, 

e =  angle of attack measured between the plane 
of the surface and the velocity vector 

" . 

\ 

I 
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normal  momentum exchange coefficient - 6 '  - 

0 - - tangential momentum exchange coefficient . 

corresponding t o  those foztid in'STL report  GM-61-9721, 4-18. 

The equations derived in the aforementioned report  were  used for 
* 

the appropriate members  of the body, with some a d j p t m e n t  of the signs 

of the forces.  For the appendages--such as the booms, the torus  for 

experiment five, the SOEP antenna, the sphere of experiment six, and 

the OPEP supporting cylinder - -formulas were  derived t o  take into ac  - 

count the extra  reflective factors  due to  curvature. The area of the 

h o r i z w t a l  cylinders (such as the booms) is s t i l l  dependent upon the an-  

gle of attack; and the sine, cosine relationship used with the flat plate a 
is assumed. 

of the yaw angle, so the tr igonometric functions enter  only once, in the 

The a r e a  of the vertical  cylinder of OPEP is independent 

decomposition of the force. 

For all p a r t s  (including the body) except the torus,  the flight path 

angle, y ,  was considered to be I .  . 'z6ro. This  assumption does not affect 

the r e su l t s  t o  any appreciable degree because of the inverse relation- 

ship between flight path angle and distance from perigee. However, 

the flight path angle is'i'mp'ortant for the torus .  With an angle of zero, 

the projected a r e a  is a rectangle; whereas  with an angle of 9 0  degrees ,  

the corresponding a r e a  is that of a ring. 
: !  ' 

A two a r c  function was used 
.' . 

I c 
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. 

to  approximate this a r e a  change. A l inear a r c  c a r r i e s  the projected 

a r e a  from a rectangle to  twice that a s  the flight path angle varies,  un- 

shadowing the back portion of the torus. F r o m  then i t  var ies  a s  a sine 

function until a t  90 degrees  the a r e a  is equal t o  I[ t imes  that a t  ze ro  

degrees. Small flight path angles a r e  important since a study of the 

geometry shows that a value of 7 = 1. 5 

"."".(., , . 

.. 
0 is sufficient t o  completely un- 

*. 

shadow the back h.alf of the torus. 

The above treatment assumes that the EP5 torus  is imbedded in 

the xy plane, a s  it is for the EGO satellite. For  POGO satell i tes,  

where it is imbedded in the yz plane, a different but analogous handling 

of the'torque -dependence upon spacecraft orientation is used. Selec - 

tion between the two alternatives i s  automatically controlled by an in- 

put marke r  signifying whether the run is to  be under EGO or  POGO 

conditions, 

Since it was decided to  ignore interbody shadowing effects, the 

auxiliary antennae were ignored. 

s t ruc tures  would almost totalyi shadow each other, depending upon 

In some cases  these short  boom -like 
' )* .i 

slight variations of flight path angle. With no sh.dowing, the torques 

produced by them were small and very nearly seif-canceling. Torques 

for a l l  the other small  objects may be computed through proper read-in 
-. . A _ . .  1 ,.,. . 

of data; they will be very small. 

I 
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For the aerodynamic shadowing the resu l t s  of STL report  GM-61-  

9721, 49, were  used for  the main body. The shaded a r e a  of the booms 

and the corresponding change of centroid were  derived. F o r  all other 

objects, i f  a shadow fell across  m o r e  than one-half the projected area,  
" . - . . I  1 , . 

it w a s  considered totally shaded; i f  less than one-half, the whole area 

w a s  used. 
.- 

N o  shadowing was computed for the solar  torques since the 
" .  

only source of shadow is the body itself, so  this is negligible. 

Some examples of the forms  of the equations used w i l l  be given, 

Only the aerodynamic a r e  given, since i f  one considers the equations 

for solar  forces  on a flat plate: 

= V A sin 8 cos  8 ' (1 - as) 
Ft 

where: 

v =  p r e s  s u r e  constant 

A =  unshaded a rea  

- - angle of incidepce . .I 
e 

I .  . 

a - - reflectivity of surface 
s .  

and for notational convenience, l e t  
-. . .-.. ". . - a , ,  . 

, 
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a = l - u '  
S 

(1 - as) = u 

F = V ;  
r . " . . l . l  , . 

then the equation wi l l  be directly applicable for solar.  

For aerodynamic, consider 
7 .  

F = pv2 = 2 q  

0 = angle of incidence ; 

then the forces  wi l l  be approximately a s  follows: 

(1 ) Fla t  Plate  

F = F a  A sin2 8 n 

= F .  A .  sin l e 1  cos 0 u 
Ft 

( 2 )  Booms 

(3 )  OPEP Cylinder (and high-gain antenna) 

Force .  =. . F .  A .  

t 
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( 4 )  Spherical 

Fo rce  = I?'. A 

., .-.. I .8 

F = F . ' A .  sin l o [  
X 

F = F *  A .  c o s e  
Y 

(5) Torus 

Force  = F .  A .  '1 - - ( 1  1 - u t $  .I. 9 

-- 

The angle 8 used in these equations is an adjusted arlglc. : ~ ( . ( - o t * d -  

ing to the scheme diagrammed l>clow: 

\ 

. i .-. . . .., 

I 
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- 111. OBTAINING GAS EXPENDLTURE, GTVEN T H E  
SECULAR ANGULAR MOMENTUM 

. ’ .!. .! 
I. ~ 

. .  .,....... .., 



e 

111. OBTAINING GAS EXPENDITURE, GlVEN THE 
SE C U L A  R ANGULAR MOn'lE N T US"1 

-...*.I. ' , . 

The computer program accepts sets of orbital  parameters  and 

accumulates angular momentum over one complete orbit per param-  
?.  

eter set. 

Angular momentum is output separately for aerodynamic, so3 ar ,  

anc gravity-gradient torques, each in the x, y, and z coordinates. A s  

the increments of angular momentum a r e  developed, they a r e  dumped 

into an inertial  system which is conveniently located in the orbital  

plane, at that point in the orbit lying in the projection of the sun vector,  

The z-axis passes  through the center  of the earth,  the x-axis is normal  

to i t  in the orbital plane, and the y-axis  is normal to the orbital  pla2e. 

This location of the inertial sys tem was chosen because the yaw 

angle, I#, will always be zero atithis point. This simplifies the subse-  
I .  

quent partitioning of angular momentum unloading between the ro l l  

and pitch gas  je ts .  This co0rdinat.e sys tem is considered ifiertia! 

because the orbit  plane is,.held*steady during a single revolution. 

I 
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Between successive sampling points, the orbital  parameters  a r e  

changed t o  allow for:  

e Precession of perigee 

0 

e Movement of sun vector 

" . * . , / . d  , . 
Recession of l ine of nodes 

e Change in eclipse angles - 
0 Change in perigee height and orbital eccentricity. 

A sampling period of 15 days was selected since th i s  corresponds 

to a 60-degree shift in the argument of perigee. Hence, each set  of six 

successive orbital samples steps the argument of perigee completely 

around the orbital. + 

\ 

Given the angular momenta output f rom the computer, the gas  

expenditure is obtained by means of the following two successive steps:  

0 Computation of how the momentum unloading will 
be shared between the pitch and rol l  gas  je ts ,  This 
leads  immediately to an estimate of gas  thrust  ( in 
pound-seconds) reqclired to  unload the angular mo-  
mentum for  a single revolution 

e Multiplicat,ion of this  expenditure by the number 
of orbi ts  taking place ,during the sampling incre-  
ment (in this  case; 15 days). 

The computation of gas expenditure from angular momenta de-  

scribed in succeeding pages below was originally done on a desk com- -. .,-..... ,.,. . 

puter. Subsequently, an addition was made to the main computer 

. ,  , 
1 ,  

" , ' 
-- . .  

Perigee precession and nodal regression r a t e s  a r e  assumed 
c on st ant. 

.L 1- 

I 
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program so that gas  budget is now computed automatically and the c.u- 

mulative value output along with the angular momenta for each orbital. 

An algorithm identical to  that described below is used by the computer, 
... 1.. 1.1  , . 

Since the roll j e t s  have a lever  a r m  of 7. 6 8  feet, then a thrust  of 

0. 130 pound-second w i l l  be r e q k r e d  to  unload uni t 'angulaFmo-~ 1 
7, 6 8  
- =  

mentum (1  pound-foot -second). 

a r m  of 3.  08 feet and hence w i l l  require  a thrust  of - = 0 .324  pound- 

second to  unload unit angular momentum. 

Similarly, the pitch- j e t s  have a lever  

1 
3. 08 

* 
How much of the x, y, and z angular momenta must be unloaded 

by each of the pitch and roll j e t s  depends upon the relation of the o r -  

bital  to  the 

tions: 

8 

e 

sun vector. Two special  cases  clearly have simple solu- ' 
T 

t 
I 

When the sun is normal t o  the orbital  plane 
(St  = Oo, 180°), yaw angle, , is always zero. 
Hence, a l l  the x and z momenta must be un-, 
loaded through the roll j e t s  and the y momen- 
tum through the pitch jets. 

When the sun vector-l ies in the or6ital plane 
(SI = goo), +, is alw$$s - f -  90° (except for the 
brief yaw reversa l  maneuvers at  midday and 
midnight). Hence, a l l  x and z momenta must 
be unloaded through the pitch j e t s  and the y 
momentum through the ro l l  jets.  

For all other sun angles, a l l  th ree  momenta (x, y, and z! will be 

, 

partitioned between rol l  and pitch jets.  The effect of this  partitioning 
& ,  I . '  . .  
" . 

I 
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is to increase the gas  c.xpenc1itut.e somewlIat', since, in effctc.1, tnotIivti - 

turn is being unloadcd by a pair. of obliquc thrusts  inst,ead o f  I).y.oiic 1 w r -  

peiidicular t h r u s t .  l'he amount of gas  r-cqiiired 10 unload i in i  t ntigiila I *  

momentum as a function of sun angle is sl iown i n  the following gt-apli. 

r . " . I l . l  , . 

G o  1 f o  1 kol i o  d o  1 i o  I (201 i oibo 
Sun Angle S' 

The W curve applies to both x and z momenta and the W cur \ ' c  Io [lie 

y momentum. 

X Y 
N o  distinction is made tietwc>eri the x and z atigii1;ir. 1710- 

menta since both a r c  in  the orbital plane and both a r e  passc.tl t ) a ( b l i  atid 

forth between the same mix  of pitch and roll inertia w h e e l s  (thoiu:li 
, '!* .; 

of x and  z momenta were therefore added together. 

curve shoLvs thc following: 

Inspcct iot i  o f  lliis 
- * . ,-., .. . ,*, . 

0 0 
0 At S'  = 0 , 180 , N a n d  z r.cqui1.e 0. 130 p o ~ ~ i ~ d - s c : ~ * i ) t i ( l ,  

corrcspoiiding to 1.011 j t b ~  s oiily; y reyLiircs 0 . 3 2 4  ~ H ~ I I I I ( I -  

second, corr-esponditig i o  p i i c l i  j e t s  only 

I 
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0 This  is reversed when S'  = 90'. 

0 At intermediate values, there  is a mix between these 
two  extremes. The extent t o  which both curves  are 
concave downwards (i. e. , the extent t o  which they 
depart  from-straight l ines)  is an index of how much 
gas is being lost  through oblique unloading of mo-  
menta. 

,. - ~ __.- .. 
2 

The above curves  were obtained from a consideration of the yaw 
I, . 

angle function: 

tan  = - t a n  SI sin e , 

where e is the orbital angle f rom the sun vecFor. 
' *  

The curves  were  obtained by averaging out cos  $ and s in  J I  over 

the orbit, using the aboye function; th i s  was  done by an  approximate 

graphical procedure. 

e 
i 

A m o r e  prec ise  evaluation would produce a set  of curves,  ra ther  

than a single curve, giving weights as a function of argument of pe r i -  

gee. All  these curves would be anchored at the same pair  of coordi-  

na tes  a t  S '  = 0 

This  refinement was not attempted since it would be largely washed 

out" by uncertainties in  the value of the t rue  yaur angle during eclipse. 

Fur thermore ,  the argument of perigee occupies all angular positions 

0 0 / / '  ' 
and S t  = .  90  , and would have the same  general  shape. 

1 1  

- . . I - .  I . <., . 

about equally often, so  that much of the discrepancy should average out. 
> :  I ' 
1 '  ' ; ' 

I '  . 

I 

- 3 2  - 
I 



To obtain the thrust  required to  unload the angular momenta a c -  

cumulated during a single orbit, W and W were f i r s t  read off f rom 

the above pair  of curves, given the sun angle S’. W was multiplied 
X Y 

X 
“ . - . . I . ,  , . 

by the ari thmetic sum of the x and z angular 

y angular momentum. These two were  then 

momenta, and W b y t h e  

summed to  give the total 
Y 

. - --- ... e .. 
.r 

thrust  required to unload all the secular  momenta. 

To obtain the gas  budget for a 15-day interval, the single orbit 

budget is multiplied by the number of orbi ts  occurring in  15 days. This 

number ranged from 224  for a typical POGO ozbital to  about 6 for EGO. 
*a 

Table 1 i l lustrates  the development of gas  expenditure. The o r -  

bi ta l  for  this  example has  a n  initial perigee of 150 n. m. 
i 

? 

t 
I 

I 
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IV. COMPUTED GAS BUDGETS FOR POGO AND EGO 
* . - * . ( . a  , . 

1. DESCRIPTION OF FIGURES 1 TO 4 

These graphs present  the cumulated gas  expendihre  as a function 

of time, plotted at  15 -day interva.ls, under various conditions, :I: 

Figure 1 presents  a set of POGO curves,  four at an initial pe r i -  

gee of 150 n. m. and one at 155 n. m. The four 150-n. m. curves  show 

the effects of different, boom configurations upon gas  consumption, 

Reckoned in t e r m s  of the number of days required t o  exhaust 700 pound- 
\ 

seconds of gas, it is seen that: 

( 1 )  Disregarding all booms gives a life of about 270 days 

(2 )  Including a11 booms except E P 5  torus  and SOEP an-  
tenna gives a life of about, 180 days 

(3 )  

(4) 

Including all  booms gives a life of about 68 days ”‘ 

When the EP5  torus  is rotated 90’ into the xy plane 
(as in EGO), the life goes up slightly to  about 78 days. ’ 

’ 1 .  ; 

* See Appendix C for orbital parameter  histories upon which these 
runs  were  based. 

Since these two runs were made, an e r r o r  has  been discovered in 
the corresponding input data. As a result ,  the t rue  curves  would 
show a somewhat higher expenditure than those shown in the dia- 
gram. These curves were  not rerun, since the corresponding gas  
expenditures will clearly be unacceptable. 

. ..- . *. 

.b .t* 1- ‘8. 

. I  ’ 

I 
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When case ( 2 )  above was  run  at  155 n. m. instead of 150 n. m.  perigee, 

the life was  seen to  increase  f rom 180 days t o  about 21 0 days.. 

F igure  1 reveals-’tK%’t’th& presence of booms makes an immense 

t 

difference t o  the gas budget expenditure of POGO. 

what had already been forecast  from preliminary computations based 

upon the boom dimensions and parameters-- that  most of the noncancel- 

It a l so  confirms 

.. 

ing boom torque was due t o  the EP5 torus  and the SOEP antenna. 

Most of these, and the curves  in the subsequent graphs, show an  

increase  in  slope as t ime progresses ,  due to the gradual sinking of 

perigee caused by.atmospheric drag. Many of the curves  also show a 

h-umping” with an approximately 90 -day period, due to  the cyclic ef - 11 

fec ts  of so la r  perturbations of perigee height and the effects of the 

corresponding changes in the inclination of the sun to  the orbital plane, 

Figure 2 explores the effect upon gas  expenditure of withholding 

the deployment of the E P 5  torus  o r  the antenna. 

at both 180 n. m. and 200 n. mra’ fd t ia l  perigee. 

Simulations were  run  

Assuming a 700-pound- 

second gas .budget, l ifetimes under the various conditions a r e  seen t o  

be  as follows: 

( 1 )  No SOEP antenna, but with E P 5  torus  deployed, gave 
a lifetime of a.bout 120 days at 180 n. m. initial p e r i -  
gee 

, .  

I 
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No EP5 torus, but with the SOEP antenna deployed, 
gave a lifetime of about 195  days at 180 n. m. ini-  
tial perigee 

Neither EP5  torus  nor SOEP intenna deployed gave 
a lifetime of-ab,out *275 days at  180 n. m. initial 
perigee 

--- .... r The corresponding lifetime-at 200 n. m. r o s e  to 
about 322 days I 

All booms deployed gave a lifetime of about 130 
days at  an init ial  perigee of 180 n. m. 

The corresponding l ifetime at 200 n. m. initial 
perigee rose  t o  about 225 days. 

* 
The shape of the curve corresponding t v c a s e  (1)  above was totally 

unexpected; it shows that in the presence of the EP5  torus,  withholding 
\ 

deployment of the SOEP antenna may decrease  the l ifetime, This di-  

rect ly  contradicts the E 'fects of withholding its deployment i n  the ab -  

____- 
7 

, 
sence of the EP5 torus, when a gain of 65 days' life w a s  obtained. The 

explanation l i e s  in  the complex boom geometry and the result ing depen- 

dence of torque on yaw angle$ . The SOEP antenna exe r t s  maximum 

0 0 torque when = 9 0  . At $ =  90 ~ the EP5 t o rus  generates  an oppos- 

ing torque due to  the offset in'its boom along the x-dimension. But in 
' ,)* .l 

the absence of the EP5  torus,  the l a rge  SOEP antenna torque is mainly 

unopposed, hence exerting an appreciable effect upon the gas  expendi- 

tu re .  
- .. . .. , . . . . , , , . 

. .  

1 
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Two special curves  a r e  shown in F igure  3. The first gives the 

gas  expenditure history for  180 n. m.  perigee with all booms deployed 

but with all aerodynamic torques suppressed. 

tain a limiting, or benchmark, curve showing the maximum possible 

increase  in lifetime obtainable by rais ing the perigee t o  gain the bene- 

f i t  of a thinner atmosphere.  A s  is seen, under these limiting condi- 

tions, the lifetime is still. slightly short  of one year.  

The inter,tion was to  ob- 
"."..I 0 , . 

* 

The second curve attempts to obtain a gas  budget history under 

conditions as  closely resembling that made previously by STL. 

details  a r e  as follows: 

The 

8 All booms were  excluded 

8 OPEP was included, but the supporting cylinder 
was  excluded 

0 Paddle x Box shadowing was included 

0 The run was  made at an initial perigee of 180 n, m. 

0 Gravity -gradient yaxp: torques due to gyroscopic 
effects caused by the orbital -period rotation of 
the satell i te were escluded, This  77;as done be - 
cause Ottenls r e p j r t  * gives equations for  gravity- 
gradient computations lfiihich appear tc exclude 
gyroscope effects. 

~ 

.I. -I. D. D. Otten,"OGO Att'tude Control Subsystem Description Logic, 
and Specifications," Space Technology Laboratories,  :TIC,: 

0004-RU-000 December 1961, p. B 10, 
23 13 - 

I ,  
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We obtained a gas  budget expenditure of about 1 5 4  pound-seconds. 

This is about half STL ' s  value. However, other differences between 

Biases  and e r r o r s  inherent in the g a s  budget computations pre  - 

sented above a r e  l is ted in the .following table, where a distinction is .. . 

made between program defects and uncertainties in the v ; ~ l u e s  of irLputs 

accepted by the program, 

the two simulations have since come to  light. 

that STL used the ARDC 1959 standard atmosphere, which is m o r e  

Specifically, it appears  
..."..ill , . 

dense at orbital  altitudes than the "quiet sun" atmosphere we used 

(S = 75). 

* 

But tending t o  offset this  is the fact that STL used a perigee 

altitude of 200 n. m. In addition, we are unsure of the exact way i n  

which STL handled the development of OPEP torques. In view of all 

this,  it is believed that the two programs cross-check as closely as 

could be expected. 

Figure 4 presents  the gas  budget his tory for EGO, As expected, 

the total expenditure w a s  far l e s s  than for  POGO, owing t o  the small 

fraction of the orbital period spent in  the near  -ear th  environment. 

2. EXAMINATION OF SOME BIASES AYD ERRORS 

. . . L .. . ..,. 

. ,  

I 
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Program 
Input E r r  or s 

Program 
Defects 

(1) Uncertainties in a tmo- 
spheric  density 

...W.,l.a I . 

(2)  Uncertainty in  value of 
aerodynamic reflection 
coefficients 

(3  IJnknown yaw angle 
his tory during 
eclipse 

(4) Omission of coulomb 
drag effects  

Minor Sources 
of E r r o r  and Bias 

(1 1 Orbital parameter  
sampling e r r o r s  

( 2 )  Ea r th ' s  radiation 
t o r q e s  omiti ed 

(3 )  Induced electromag- 
netic torques omitted 

(4) Effects of microme- 
teoroids and solar  
wind omitted 

(5) Parti t ion of yaw m o -  
mentum unloading be = 

tween pitch and roll 
j e t s  is inexact 

--.-.---..~~-~~-"...-LT 
I_-- - 

Atmospheric density estimates vary according t o  TxJhich atmo - 

spheric  model i s  used and the solar  activity. Our gas  budget computa- 

t ions used an atmospheric height /density profile obtained from the 

publication "The Upper Atmosph,er.e in the Range from 1 2 0  to 800 Km, I '  

issued by the Institute for  Space Studies. We selected their  "quiet s ~ m "  

, . . I  .. . 

model ( S  = 70), We feel that these depsity values may c e r t a i d y  be in  

e r r o r  by a factor of two. . ,- . . .  ,,. 

The aerodynamic reflection coefficient I' cannot be determined 
; r  ' 

b ,  7 . 1  

experimentally (due to the impossibility of developing the hard vacuum 
" . 

I 
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required),  and its theoretical derivation inevitably rests on unverifiable 

assumptions concerning the thermodynamic interaction between imping - 

ing air molecules and the spacecraft  surface. 

more detail in  the next, section. 

This is examined in 
. , .“l, l  < , . 

In consequence, an  uncertainty which 

may easily amount t o  - +- 50 percent is introduced into the aerodynamic 

tor que computation, 
2 

* .  

Probably the greatest  defect in the program itself concerns the 

t reatment  of yaw angle during eclipse. In the OGO spacecraft, con- 

trol of the yaw angle is interrupted a s  soon a s  solar  lockon is lost .  

The yaw iner t ia  wheel is then allowed t o  run  down, t ransferr ing i t s  

a n g u l k  momentum to  the spacecraft a s  it does so, In order  to  develop 

a reasonably accurate  yaw angle his tory during an eclipse, the follow- 

ing factors would have to be included: 

(1 Run-down t ime function of the yaw inertia wheel 

(2 )  Yaw angle ra te  at the moment. of entering eclipse 

c 

( 3 )  Torque his tory during the eclipse period. 
, ‘ I *  .; 
-. . 

Of these  th ree  fac.tors, the present program develops only the 

las t ,  Fac tor  ( 2 )  p resents  the greatest  difficulty, since our program 

assumes  perfect attitude-c-ontrol of the spacecraft  and does not c a r r y  

angle r a t e  information. 

ing the yaw angle const.ant. during the eclipse period. 

The convention was  therefore adopted of hold- 

Alihouih the s i ze  

I 
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of the e r r o r  so introduced cannot be computed, a straw-in-the-wind is 

1 1  provided by a comparison of the gas  consumption of cer ta in  standard" 

orb i t s  computed with and without loss of yaw angle control. 

ence of up t o  30 percent was  observed for some orbit orientations; 

A differ-  
.,.-.* ,.' , . 

though for others,  especially those with shor te r  or ze ro  eclipse pe r i -  

ods, t he  difference observed was  little or nothing. ,These data a r e  

1 1  1 1  expanded below in Computer Pa rame t r i c  Study. 

Since the r 'atmosphere" which OGO is moving through most of the 

t ime is real ly  a plasma, and a l so  because of the photoelectric effect, 

the spacecraft acquires  an  .electric charge. 

film of plasma which effectively increases  the projected a r e a  of c r o s s  

This in turn  entrains  a 

section of all p a r t s  of the spacecraft, hence increasing at,mospheric 

drag. -This increased area of cross section can be roughly computed 

I 1  using the hypothetical "debye length, which is ccmputed a s  follows: ' 

h = debye length = " ' : -  - 6.9 
4 x 7  e I 

where 

K - - Boltzmann constant = 1. 380 x 10-  erg /degree  

e - - Char.ge.on pr,ot,on = 4. 803 x lowio ESU 

See Lyman Spitzer, Jr. , Physics  of Fully Ionized, Gases,  LViley, 
196 2. 

.L ' 8 .  

. -  . .  

I 
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0 T =  Temperature,  Kelvin 

- - Number of electrons pe r  cubic centimeter.  . 'e 

0 Thus, for example;.<if T - z  2000 C and q 105/cc,  the c o r r e -  e 

sponding debye length is 1 cm. 

a compact satell i te l ike Vanguard, 1 cm in a l l  directions makes no. 

The extension of the projected a r e a  of 

appreciable difference to  drag. 

bly affected, due to  a very large per imeter  created by the various 

But satell i tes l ike OGO a r e  apprecia-  

booms and appendages. Debye lengths of one-half inch to  one inch a r e  

possible in the thicker par t s  of the atmospheric plasma through which 

POGO moves, causing a corresponding drag increase  of 14  to  30 p e r -  

0 ' +  

\ 

cent. 

The minor sources  of e r r o r  wi l l  now be briefly commented upon. 

First is that ar is ing from the sampling of orbital  parameter  values. 

The present program computes gas  expenditures for  a succession of 

single orbi ts  which a r e  spaced throughout the y e a r ' s  lifetime of the 

satellite. 

single revolution. 

Orbital parameters  a r e  assumed to  hold constant during a 

' i  i 
Each such drbit has  a separate  set of input param-  

e te rs ,  these being adjusted to allow for orbital  changes occurring in  

the elapsed t ime at which successive orb i t s  a r e  taken, This sampling 
. . . .__. . . .  . . I  . 

procedure saves computation t ime (e.  g . ,  in the POGO gas  budget com- 

putation, the total number of orbi ts  amounted to  5400, f rom which 24 
: , .' 

were  sampled for  gas  budget computations). It a lso avsids the need 
I .  

I 
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for  orbital  perturbation subroutines which would have considerably 

enlarged the program. This is achieved at the cost of introdycing 

sampling e r r o r .  

good sampling practice,  i. e., by ensuring that orbi ta ls  are sampled 

This  may be held t o  a minimum by application of 
* . * . . I . ,  , . 

representatively with respect t o  those fac tors  influencing r.ate of gas 

consumption. 

.c 

Three such factors a r e :  perigee height as  a function of 

t ime, inclination of the orbital plane t o  the sun, and value of the a rgu -  . 

ment bf perigee,  

E a r t h ' s  radiation (and reflected so la r  radiation) w a s  ignored. 

Although these two factors  .combined may sometimes approach direct  

solar' radiation, th i s  should not per turb gas  budget computations s e r i  - 

ously, since : 

0 In POGO, solar  torques a r e  far outweighed by 
aerodynamic and  gravity -gradient torques 

0 In EGO, the satellite spends only three  percent 
of i t s  t ime within one ear th  radius  of the earth.  

Torques f rom electromagngtic interactions with the ea r th ' s  mag- 
- .  

netic field were  found to be tr ivial  since the means of developing e l ec -  

t r i c  current  c i rcui ts  of sufficient magnitude within the spacecrafr did 

not appear t o  exist .  By no stretching of the imagination could we de-  

velop an  electromagnetic yaw torque which approached that caused by 

gravity -gradient c loser  than abogt two o rde r s  of magnitude. 
. ,  

, 
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Micrometeoroi.ds and solar winds were disregarded since they 

appeared to develop forces  two or more  o r d e r s  of magnitude l e s s  than 

the major  forces  considered. 
r . - . * ( . d  , . 

Since all yaw angular momentum must be unloaded by the pitch 

and roll gas jets,  the amount of gas required to  do this  will be a fUnc-1; 

tion of the altitude of the spacecraft a s  each increment of torque is 

acquired. 

dynamic program which car r ied  reaction wheel loadings a t  a l l  t imes  so  

To compute the gas expenditure accurately would require  a 

that individual gas  fir ings could be simulated. This was not possible * 
' +  

in our nondynamic program. Hence, a statist ical  averaging procedure 

was used ( s e e  Section 111). 'It does not appear. that the e r r o r  entailed 

should be more than a f p w  percent a t  most. 

I 

In summary, it appears that the gas  budget es t imate  of POGO is 

beset by many e r r o r s  which together amount to something in the neigh- 

borhood of a fourfold e r r o r ,  insofar a s  this  can be estimated. EGO 

gas  budget estimates,  however, should be quite accurate.  This is be-  

cause the smal l  aerodynamic'torque impulse per  orbit renders  uncer-  
<)* .; 

tainties i n  this  torque innocuous, and because ecl ipses  occupy at most 

only a smal l  fraction of the orbital period. 

ally controlled, and a l l  the factors required t o  compute gravity- 

Hence, yaw angle is usu- 
. -  - 6  -,... ,.,. . 

gradient and solar torque impulses a r e  subject to  only smal l  e r r o r s .  
: r  ' 

1 '  , . . .  

, 
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3 .  DISCUSSION OF REMEDIES 

From the curves presented earlier in this  section, it is evident 

that no amount of raising'of the .initial perigee (within reason)  will give 

a y e a r ' s  life, given an available gas  budget of 700 pound-seconds. 

.- 

If all booms are deployed throughout, it appears  that about a 
'8 , 

half-year 's  life would be obtained, given an  init ial  perigee of 190  n. m. 

If the  E P 5  torus  and the SOEP V L F  antenna a r e  both undeployed, 

a l ifetime of about 275 days should be obtained at 180 n. m. initial per i -  

gee. If the  decision is made t o  deploy these appendages at some 

epoch t during the year ,  then the corresponding gas budget may be ob- 

tained simply by lowering the 1 1  a l l  booms deployed'' curve till  it i n t e r -  
0 

sec t s  the "no E P 5  torus  or  SOEP V L F  antenna'' curve at epoch t and 

then reading off the date at which 700 pound-seconds of gas (o r  other 

value) a r e  expended. If telemetered housekeeping data giving control - 

gas p res su re  a r e  available for any epoch t after launch date, then this  

information can be used to adjust :the slope of the gas  budget expendi- 

t u re  curve obtained by simulation. This will give a refined estimate 

of the expected lifetime and hence will provide a m o r e  solid basis  for 

ground -control decisions; ' -e;.g:'; '  for deploying previously undeployed 

booms. 
; r  . 

1 ' '  * , ' 
I ,  

t 
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We understand that one method of gas. expenditure reductl i on  cur -  

rently under consideration is the addition of a Compensating sale in an 

attempt to balance out asymmetr ic  p re s su res  which a r e  the cause of 

the high aerodynamic torques, 
...-a,. I 4 , . 

In the course of developing the aerodynamic torque equations .for* 

the gas budget simulation model, drag coefficients had to be developed 

for variously shaped components. These drag coefficients a r e  func - 

t ions of (J and a'. We ear ly  became impressed by the sensitivity of 

drag  coefficient values t o  those assumed for  u and u t .  

If all drag  coefficients were  of the same  form, then any bias in 

the values of u and u '  would mere ly  scale all torques proportionately, 

including that due t o  the added sail. But when different types of drag 

coefficient a r e  simultaneously present, a bias  in u and 0' would upset 

the compensating effect of the sail, .possibly severely. 

A simple example will drive this home. The force equations we 

. '1-  .i 
*. . used were :  

P = ( 2  -0') p. 1 + u'p 'I } For plate surfaces  

. -51-  
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where: 

U t  - - pres su re  reflection coefficient 

U I - tangential s t r e s s  reflection coefficient 

P =  
. r . r . . l . #  I . 

pres su re  due t o  Maxwellian rebound 

- - impact pressure  I 'i 

7 - - incident tangential s t r e s s  i 

7 - - reflected tangential s t r e s s ,  r 

Consider the first of the above equations, We dropped the second 

term, since it appears  that wall temperature2 t o  be expected in POGO 

will lead t o  low -energy Maxwellian rebound. 
* +  

. . . If the subsequent re -emiss ion ' i s  completely 
diffuse, it - T i l l  leave associated with it a rnomen- 
turn flux p ;, which is o r d e r s  of magnitude l e s s  
than the in,ident flux. ::: 

When a '  = 0, there  is 100 percent specular reflection; when 

u t  = 1, reflection is totally Maxwellian, 

For convenience, put 1 ~,ayi = r, so that r corresponds to  the 

Then, ( 2  - a') p. becomes: 

-. . 

proportion of rebound which is specular. 
1 

pi ( 1  + r)  for plate sur faces  
-.. - 1  - . . _ .  <.,, . 

Evans, Torques and Altitude Sensing in Ear th  Satellites, edited 
by F redS inge r ,  Academic P r e s s ,  1964. 

* T 

1 
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or  p i ( l  + r f )  f o r  surfaces  other than plates, where 
f is a coefficient which is a function 
of the shape of the surface, 

The t e r m  in parenthes6CYs eqfial to  half the drag coefficient. Thus, 

the d rag  coefficient may be written: 

Our model considers four kinds of shapes with the fo1l.o~-ing f 

values : 

Plat  e : f = I  

Cylinder: f = 3  1. 

Sphere : f = o  
Torus  (edge-on)':: f = - 1 

9 

The following table contrasts  drag coefficients for  these various 

shapes as u' is changed from 0. 8 t o  0. 2: 

Courtesy of Ben Zimmerman, GSFC. 4. *P 
I .  

I .  

I 
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. . . More recently, molecular beam experimenta ~ 

tion h a s  indicated a downward shift in these  values 
. . . . It is entirely possible that a l l  p r io r  dates  wi l l  
have been discredited, The coefficients may be 
found t o  vary greatly f rom one another, a s  func- 
t ions of surface, temperature ,  speed, and inci-  
dence. :::: 1 ~ /* .I 

I _  

Hence, when u '  goes from 0. 8 t o  0. 2; the plate drag increases  

by 50 percent, the cylinder drag by 20 percent, and the sphere drag r e -  

mains  unchanged. 

tion, going down slightly. 

The edge-on to rus  drag  moves in  the r eve r se  d i rec-  

(The EP5 to rus  antenna is edge-on when yaw 
. , ."*,d.' , . 

* 

angle Jr = +- 90. When 4' = 0, t o rus  is perpendicular t o  the.wind, and 
2 

- 
the d rag  coefficient corresponds t o  that of a cylinder. ? . ) 

Following STL, the values we a r e  current ly  using for both u and 

6' are 0. 8. Other authorities ,appear t o  support high values for  u and u t .  

, . . No empirical  values of u' have been obtained 
at present.  It w i l l  be  noted, however, that for  

therefore,  t o  be expected that u t  2 1 also. :: 
\ air incident on most surfaces,  a u 1 1. It is, 

But conflicting opinions have a l so  been found: 

. . .-.. I . .  

* Handbook of Supersonic Dynamics, Section 16 ,  Mechanics of 
Rarefied Gases, h'avord Report 1488, Volume 5. 

>v< I ;t< Evans, op. cit. 

I 
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R. Schai 

. 

sberg, in Rand R port RM-2313 ("A New AnalytL: Repre - 

sentation of Surface Interaction for  Hyperthermal Fa l l  Molecular Flow 

with Application t o  Neutral -Par t ic le  Drag Estimated of Satellites"), 

af ter  a consideration of the thermodynamics of the interaction of a i r  
"." . . I . .  , . 

molecules with the wall surface, develops an expression for  CI which 
* 

under POGO conditions would be 0. 057. 

-.. . I  *.., . 

, 
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V. ANALYSE ; OF TORQUE ORIGINS AND 
THEIR DEPENDENCE UPON 

ORBITAL PARAMETERS 

1. BREAKDOWN OF AERODYNAMIC TORQUES 

In o rde r  to  obtain some feel for  the torque contributions made by 

various components and appendages of the spacecraft, normalized 

0 0 torques were  computed for yaw angles of 0 and 90  , respecti.vely. The 

breakdown is presented in Figure 5 in ba r  diagram form. Normalized 

torque is that torque which would be obtained for  unitary P v ?  

0 It is clear that when JI L- 0 , E P 5  and associated to rus  contrib- 

utes  t h e  greatest  single torque. Further ,  it is seen that in the absence 

of the E P 5  torus ,  all other torques a r e  largely self-canceling. 

Differences between POGO and EGO resul t  largely from the o r i -  

entation of the torus;  in  the case,of POGO it is- in  the yz plane, while in 

EGO it  is in the xy plane. 

. I .i .. ~ 

A s  a result ,  the whole toroidal loop is no r -  

mally exposed to  the wirrd in POGO ( $  =: 0'); whereas  in EGO, the p r o -  

0 
jected a r e a  of the torus  . . depends . . . . . . . , on flight path angle 7 .  0 , 

only the front edge of the torus is exposed to the wind; when 7 =: 1. 5 ~ 

When ;y 

0 

the r e a r  edge of the torus  is  unshadowed; finally, when 3: = 90°, the 
1 3  I , '  , .  

t 
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exposure is the same as for  POGO a t  7 = 0'. 

POGO can be  neglected since i t s  maximum value is only 3 , ) 

(The flight path angle in 

0 

When V = 90°, t heSOEP antenna is the major  contributer. The 

torque is g rea t e r  f o r  POGO because the antenna is 60 feet long, C O M -  

- _-- .L.-c 

pared to  30 feet for EGO. 

Figure  6 shows the effeyts of debye lengths of one-half inch and 

one in6h upon net torques. Again, differences between POGO and EGO 

are largely due to differences in to rus  orientation. In addition, the  
4 

high-gain antenna in EGO a d d s  about eight percent torque to  the total, 

for debye length of one inch, due to  its very l a r g e  per imeter .  

I 

These two b a r  ch Fts do not give any feel for the dependence of 
i 

aerodynamic torques upon yaw angle since th i s  is swept through 360 de-  , 

grees .  The relationship is a complex one, due t o  the subtleties of 

(Box) x (Paddle)  and (Paddle) x (Boom and E P )  shadowing. F igu res  7 

and 8 present  aerodynamic torques as a function of yaw angle. Of p a r -  

t icular  interest  is the asymmetry;in the yaw torque; it is seen that two 

null points occur a t  $ = 60  and JI = - 1 2 0  . The second graph, which 

analyzes yaw torques into causal components, shows the reason f o r  

this;  it is largely due to the 90-adegree phase difference between the 

I. . 
0 0 

SOEP antenna and the EP5 torus  torques.  

I,!. ; , .- 
I .  

. .  

I 
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Yaw Torque (Total) 

.*e Yaw Torque (Omitting Booms 
and Appendages Except EP5, 
EP6, and SOEP Antenna) 

* 

(degrees) 

- *  ..- . ,., 
Figure  7 A E R O D Y N A M I C  TORQUE 
AS A FUNCTION Of Y A W  ANGLE 

I .  ' 
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2. CYCLIC AND SECULAR DISTURBANCE TORQUES 

The torques t o  which the spacecraf t  is subjected a re  of the follow - 
" . " * , ( . 6  , . ing three  kinds: 

. __- .._..- Cyclic Control Torques 

Cyclic 

Secular 

a 

Disturbance Torques 

Since the iner t ia  wheels have been designed conservatively with 

enough storage capacity to  observe cyclic (i. e. , self -canceling) torques 

f r o m  al l  courses  over a complete orbit, gas  je t  f ir ings w i l l  only be re -  

.* 
9' * 

quired to unload disturbance torques accumulating within each orbit 

and between success ivcprb i t s .  

\ 

i 
I 

A s  a means of checking the validity of computed angular momenta 

p e r  orbit during program debugging, an  attempt was made to  analyze 

the accumulation of angular momentum for roll, pitch, and yaw angles, 

separating cyclic f rom the secular components in each case.  

done, it was then possible to make  crude 

This 

sl ide-rule" es t imates  of 1 1  
~ L .i 

noncanceling torques with which t o  confront corresponding momenta 

generated by the program, A "fringe benefit" of th i s  analysis is in  in-  

dicating the dependence of gas expenditure upon the orbital pa rame te r s  
~. - .-.. .. . -... . 

and orientation, 

I 

- 6 2  - 



The problem in conducting th i s  analysis was t o  find an  intuit.ively 

easy means of translating torques generated in the satellite body coor-  

dinate system t o  an  inertial system. 

irrotational)  system t o  the body coordinates appears  t o  be that defined 

The ' 'closest" iner t ia l  (or ra ther ,  
r ."#. . I . ,  , . 

by the plane of the paddles, together with an ax is  perpendicular t o  it. 

When the satellite is properly controlled, th i s  latter axis  will always 

-- 

point to  the sun. 

0 

' 0  

When the satell i te in this irrotational coordinate sys tem is viewed 

looking f rom the  sun, the following movements a r e  observed during 

each orbital revolution: 

0 One 360-degree revolution of the paddles around the 
centroid of the satellite in the x.y.  plane of the i n e r -  
tial system 

A nuta.tion of the spacecraft  y-axis  carrying it in a 
c i rc le  which touches the zi-axis  at one point and 
subtends a maximum angle of SI degrees  t o  it half 
a revolution la ter .  Hence, when SI = Oo, 180°, 
t h e r e  is no nutation. 

1 1  

Q 

These two motions occur.&imultaneously, i. e. ,  are superimposed 
I. . 

on each other. One effect of the combined motions is to keep both y and 

z faces  always hidden from the sun, 

- . . .-_ . . ,.,. . 

Both motions a re  i l lustrated below. The r a t e  a t  which the  two 

motions occur will be uniform for c i rcu lar  orbits.  F o r  noncircular 
' f  

, , I  f .  

.:. , 

I 
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orbi ts  there wi l l  be a. notiuniformity iniplying' iinequal dwcll t imes at 

the various orientations; thi s asymmetry w i l l  h e  fur lher  increased : is  

the argument of t h e  projection of the sun vector in the orbital plniio 

moves away from perigee or apogee. 

".-. . I  I , . 

Y .  
I 4  

.. 
To Sun 

Z.' 
I 

Table 2 s h o w s  the extent to  1vhic:h torques in the three c l i r ~ i e ~ i s i ~ . ~ t i s  

(pitch, roll.. atid yaw) f c o m  three origins (aerodynamic, solar ,  a n d  

gravity-gradient) a r e  self -canceling. The table presents these as  a 

: r  ' 
$ 1  I , '  . .  

I -  
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function of orbital position relative to  the sun. 

given orbital ellipse, has  only two degrees  of freedom: 

This posit.ion, for a 

0 Inclination-&the orbital  to  the sun vector; this  is 
given by angle SI. Angle SI is Oo, 180 when or  - 
bital  is normal to the sun, 90  when edge-on. 

0 

0 

0 Argument of the projection of the sun vector in the z 

orbital plane from perigee; this  is given by angle 6 .  

The orbital  orientations a r e  indicated geometrically on the left of the 

table. The sun is looking normally into the paper in a l l  cases.  

A glance a t  the table shows that different symmetr ies  hold for 

aerodynamic, solar,  and gravity-gradient forces .  This i s  not su rp r i s  - 

ing, in view of the difference in orientatior, of the three  forces.  

Fo r  orbitals below 180 n. m. perigee, torques of aerodynamic 

origin, particularly yaw torques, a r e  the major cause of gas expendi- 

ture .  For  normal POGO orbits of eccentricity in the neighborhood of 

0 .04  to  0. 05, most aerodynamic drag occurs  aver a small  sector of 

the orbit in the immediat,e neighborhood of perigee. This asymmetry 
I. . 

eliminates most of the possibility for torque -cancellation. A marked 

0 0 
exception is for  orbitals edge-on to  the sun with 6 = 0 o r  180 which 

leads  t o  self -cancellation of yaw torque. Par t ia l  cancellation of this 

0 
component of torque occurs  for SI at intermediate angles between 0 

I 

. - 6 6 -  



and 90°. For circular  orbits, however, the corresponding uniformity 

of a i r  drag leads to  a cyclic cancellation of most aerodynamic torques,  

Complicating the-whole aerodynamic torque picture is the r e l a -  

tion of torque t o  yaw angle; the function ‘is - not symmetr ical  with respect  

to positive and negative angles. * 

* .  

Comparatively speaking, solar  torques a r e  not important for 

POGO. orb it s . 

Gravity-gradient torques show a higher degree of symmetry than 

aerodynamic, owing t o  the fact that the force does not vary much over 

the ofbit. Thus, for S’ = 90 , yaw gravity-,gradient torque (which is 0 

the la rges t  of the three)  mostly cancels, no matter  what the value of 6 

may be. 

The preceding analysis i s  complicated by the occurrence of 

eclipses, which introduce an  asymmetr ic  influence. This will be 

greatest  for edge-on orbitals with 6 = 90°, 270’. 

ecl ipses  on torque -cancellation:fdllows mostly f rom the loss of con- 

The effect of 

’ I* 

t r o l  of the yaw angle. During the period of eclipse, there  is no easy 

way of determining what happens to the yaw angle; hence, it is difficult 

t o  conclude what effect*ekl’ipse’s would have on the analysis presented 

in Table 2. 

- 6 7  - 



In conclusion, it appears that for  POGO orbitals, the "best case' '  

from the point of view of gas  consumption wil l  occur for  edge-on orbits 

with 6 = 0 180 , since this leads  to  cancellation of some aerodynamic 

yaw and all gravity-gradient yaw torques. 

0 0 

.,."..I .I , . 

3. COMPUTER PARAMETRIC STUDY a 

Gas budget expenditures were  obtained for single orbi ta ls  for  four 

45: S O ,  ar1'd'135~) and th ree  argument of 0 0 orbital  inclination values ( 0  

perigee values ( 0  , 90°, and 180'). 
0 These a r e  presented in factorial  

form below. Shown in parentheses a r e  corresponding values obtained 

by suppressing eclipses. All orbi ta ls  had a perigee of 180 n. m.  
\ 

It is emphasized that the pattern of expenditures obtained is de-  

pendent upon perigee altitude which drastically affects the torque con- 

tribution of aerodynamic origin. 
-. . s-. . . -... . 

. .  

I 
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Certain t rends  can be detected in the above data: 

0 0 
0 Sun inclinations of 0 and 90  are associated with 

lower gas consumption, probably because very  
small gravity-gradient torques a re  developed un- 
d e r  these circumstances.  

e.. I .I 

0 
a Argument of perigee value of 90 seems to  be 

associated with smaller  g a s  expenditures. This 
may be because the aerodynamic null point (see 
earlier par t  of t h i s  section above) is brought in -  
t o  coincidence with that region of the orbital  i n  
the neighborhood of perigee where most of the 
aerodynamic drag occurs.  

(D Suppressing eclipses reduces gas  expenditure. 
This  is probably because the yaw angle is in 
control during all 360  of each orbital; the con- 
sequent symmetry leads  t o  cancellation of 
those torque components which a r e  cyclic. The 
magnitudes of the differences between eclipse 
and no eclipse orbitals give some slight indica- 
tion of the effects of the convention adopted by 
th i s  program of holding the yaw angle constant 
during an eclipse. 

0 

I .  

I 
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APPENDIX A 

CALCULATION O F  ORBITAL PARAMETERS 
OF INITIAL ORBIT 

. -  --- ....- .. 
z 

1. INTRODUCTION 

Information concerning the propert ies  of the satell i te orbital 

mus t  be computed f rom the injection parameters .  The information 

given and the information required a r e  as follows: 

Time of Injection 

Longitude of Injection. Point 

Latitude of Injection Point 

Altitude of Injet tion Point 
-v 

Veloc ity a t  In j ec t ion 

Azimuth of Orbit at Injection 

Flight Path Angle at Injeetion 

Date of Injection 
. '!' .i 
.. . 

., 
' O r b i t d  Inclination ( k )  

Argument of Ascending Node (B) 

Semimajor Axis (a) 
I 

Argument of Per igee (X) 

Eccentricity (e )  

Sun Angle from Autumral 
Equinox ( S )  

The required orbital  parameters  a r e  with reference to the eclip- 

tic plane. The computational flow to  obtain these orbital parameters  

is shown in Figure A:*l . - . - . .  . 1.1, 
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A P P E N I > I X  A ( 3 )  

I .  

i 

It w i l l  be seen that the degrees of freedom supplied by I I I P  

injection parameters  a r e  sufficient, They a r e  distributed a s  f o l  Iows: 

I I 

Size and Shape of Orbital (} 
Sun Location 

Earth Hour Angle 

Argument of Injection Point 

Total Degrees of  Freedom 

Needed lor 
oc: C) 

F'r og r a  I I 1 

N o t  N c  (3 de c 
for. ( 1c;o 

IJrog 1.at t 1 

A l s o  needed f o r  computing orbital pei.tilr.l,ations a1.c the o r b i  ta  1 

These a r e  oh tained parameters  with respect  to the equatorial plane. 

as intermediate s t e p s  in the above compu tatious. These parameters  

are : 

R = argument of ascellding node from vernal 
equinox 

argument of perigce from vernal equinox 
- -  . L-. . . -., . 

- cu - 

i - - inclination o€ orbital plane. 
I '  

5 '  , . 

, .  



2. COMPUTING INCLINATION OF ORBIT 

or 

cos A = sin B..cos. a , 

cos (inclination) = s i n  (azimuth? 
cos (latitude) 

inclination = a r c  cos  { sin (azimuth) 
cos (latitude)} . 

At the equator, cos (latitude) = cos  (0)  = 1, so inclination = a r c  

4 
cos 1 sin (azimuth)\ a *  

0 
= a r c  cos {cos  (90 - azimuth)l . 

0 - - 90 -azir-)ul.h. 

i 
At all other latitudes, cos  (latitude) < 1,  s o  

0 o inclination > (90 - azimuth) i. e .  , azimuth + inclination - > 90 . 

0 If latitude = 90 , cos (latitude) = 0,  cos inclination = 0, and 

0 , * !* .i inclination = 90 . *. I 

0 o Hence, all three angles of A = 90 , azimuth + inclination = 180 . 

0 In conclusion, (90' - azimuth) < inclination - < 90 . . . .- . .  . ,... - 

, 



APPENDIX A(5)  

3. COMPUTING LONGITUDE 01' ASCENDING NODE FROM 
VERNAL EQUINOX (IN-EQUATOEIAL PLANE) 

al n 

Clearly, once b is obtained, the longitude of ascending node is 

obtained by successive addi t iws  of angles. 
, d .; 
I. . 

We have 

tan (latitude) s in  b = tan (latitude) ctri (inclination) = -. ..,, . tan (inclination) 

I .  



APPENDIX A ( 6 )  

We may note that 

0 
0 If latitude ".-..a, = incliqation, i .. sin (b) = 1, b = 90 . 

0 Considering the rear ranged  form:  

tan (latitude) = tan (inclination) - s in  b. 

F o r  a given inclination, latjtude wi l l  be a 
maximum when b = 90'4 sin b = 1 .  0, at 
which point latitude = inclination. 

,. 

There are sign difficulties in computing b owing partly to the 

spl i t -c i rc le  of longitude measure  and partly due to the fact  that bea r -  

ings'made south of the equator a r e  still with reference to the North 

Pole. 

4. COMPUTATION OF ARGUMENT OF PERIGEE 

This computation proceeds by the following steps:  

e Find semimajor  axis  of orbit  f r o q  
l / a  = 2 / r  - v2Ip ,l.-i 

0 Find q = r /2a  

8 Find t rue  anomaly of injection point, 8 , 
f rom tan ( e  - y ) = tan 7/(1-2q) 

-. - 1  _.,. I 
e Argument of injection (aoi)  is obtained 

f rom cos (azimuth) = tan (latitude) tan (aoi) 

0 Finally, argument of perigee w, is given by,,  ' 

, ,  w = (aoi) - e .  
, ,  

I t 
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Note that flight path angle is 

positive = 0 < e < 180 - -  
...-.e* (.* I . 

negative = 180 < 8 < 3 6 0 .  - -  

the relationship 7 = a r c  tan sin E}] 

5. COMPUTATION OF ORBITAL CHARACTERISTICS 

2 
( r v  cos  y ) 

P '  P =  

This section deals with the computation of: 

0 Orbital parameter ,  p 

0 Orbital eccentricity, e 

8 Perigee radius, rb 

a Apogee radius,  rla0 

Yrnax 6 Maximum flight path angle, 

8 8 corresponding to maximum flight 
path angle. 

c 

' 1- .; 
The orbital parameter ,  p; may be obtained from the following re la -  

tionship : 

r v c o s y  = . C p . .  .... 

" . 



Eccentricity, e, is then obtained from 

w h e r e  

a =  semimajor axis. 

* .  

Perigee radius o r  apogee radius are obtained from 

rb = a ( 1  - e )  

'180 = a ( l  -I- e ) .  

6 .  DETERMINATION 0 1 7  ORBITAL P A R A M E T E R S  
RELATIVE TO ECLIPTIC P L A N E  



. 

( I )  Location of Argument of Midday Sun From 
Autumnal Equinox Along Ecliptic 

The argument must'be taken from the auttunnal and n o t  the 

vernal equinox since, though we a r e  in the ecliptic plane, our .. 

inertial  system is geocentric and not heliocentric. This c rea txs  

0 a 180 phase difference. 

Summer Solstice 

Tropic of Cancer 8 

Equator 

c of Capricorn ------ 
Sun T 
Now Winter 

Solstice 

This argument corres'pdnds I .  to STL's, S,  and i s  given by the 

proportion of the year  which has elapsed since the ear th  passed 

through the vernal equinox (or time since sun passed ttir.or1gh 

autumnal equinox);' It-is ' therefore given by 

days since vernal equinox -- 
3G5 - 1/4 S = 360 

I .  



. 
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Latitude of Midday Sun 

The latitude of midday sun is given by: 
” .“ . . I .<  t . 

sin (latitude) = sin (inclination) s in  (-S) 

= 0. 3987 . sin ( - S ) .  
?. 

Angle of Inclination of Orbital to Ecliptic 

cos A = -cos B . cos  C + sin B . sin C . cos  a 

where 

C = 23-1/2 

cos =-cos ( 180-i) cos  23- 1 / 2 + sin ( 180-i) * sin 2 3- 1 / 2 * cos R 

= 0. 9171 cos (i) + 0. 3987 s in  (i) cos  .Q 

since 

cos  (180-i) = -cos i 

s in  (180-i) = sin i .  

.. .,-., ” . .  ,.,. . 
When the orbit  is  inclined in the r eve r se  direction, the 

0 angle obtained is the 180 complement: 
, :  - 

!’. ’ 

’ i  
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cos (180-k) = -cos  i cos  23-1/2 + s in  i s in  23-1/2 cos  l-2 

cos = 0. 9171 cos i - 0. 3987 s in  i cos  R . 

(4) Argument of the  Ecliptic AscendingNode _____ From the 
Vernal Equinox ( =  6 ) 

_ _ -  >..- 
/ 

cos A = -cos 13 cos C + s in  €3 sin C . cos a 

COS ( 180-i) = -cos [ 'cos 2 3 - 1 / 2 + sin [ + sin 2 3 - 1 / 2 . cos f l  

cos i = 0. 91 71 cos  t - 0. 3987 s in  ( .  cos /3 

* 
0.9171 cos  - c o s i  -___ . c o s 0  = 

0. 3987 s i n  [ 

t 
f 

- * . S I _ .  _ . I  

Had the  ecliptic c rossed  the equator in the r evc r sc  tli:-cc.- 

tion from C, the above equation becomes modified to  
: I  ' 

b , ,  . * 
I .  

cos  i - 0. 9171 cos [ cos  p = ____-_^_---- 

0. 3987 sin E " . 



APPENDIX A ( 1 2 )  

(5) Argument of Perigee Along Ecliptic F rom the 
Vernal Eauinox ( =  X )  

.,.“.I # .# 

Referring to  the above diagram, i t  is seen that: 

x = w - - c  

(=  w + c if ecliptic c ros ses  in r eve r se  direction) 

cos C = -cos A - cos B + s in  A * sin B * cos c 

0. 9171 = -cos (180-i) cos  5 + sin (180-i) * sin 5 cos c 

cos i cos  5 + sin i sin 5 - cos c - - 

0. 9171 - cos i cos  5 cos  c = s i n  i + sin 5 

.. . I  ..,. . 
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APPENDIX B 

COMPUTER PROGRAM PRINTOUT 
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7 

t) 

, 

I 



C 
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9 
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24 

C 
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23 
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2 3  
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3s 
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2 0 5 2  

2303 
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2007  

2 0 0 6  
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6 
7 

I l l  
I 1 2  

I I 3  
C 

6 
90 

C 
C i o  

C 
C 

430 

uo 1 
402 
C 
C 

C 
C 

C 
C 
C 
I I  

C 
C 

IO00 
1001 

C A L L  S E T U P [  F 4 X  1 
C A L L  03Jt  F 4 x s P L N E * 8  1 
~ F ( P L N F ( B , ~ ) - F ~ X ( ~ ) ) ~ O O ~ ~ O ~ ~ ~ O O  
? L N E (  7 ~ 4  1 x 0 .  
GO Tb 402  
PLNEC 7 9 U  ) = F 4 Y (  4 1 
CONT I N  JE 

S H A D 0  S6 
C A L L  S r T U P c  S 6  1 
C A L L  03JC S 6 ; S P H t  I 1 

S d A D O  :ANT 
C A L L  b S T U P (  CANT 1 
C A L L  0 3 J t C 4 N T r ; Y L t  I )  
G O  T O  12 

? O S  EN3 SH4OOED 
800M-5  S H A D 0  
C A L L  S - I T U P i  6 5  1 

. ' I .  .i .. ~ 

CALL  FLIM(JS.~~OOPI~Z 1 
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3 
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OGO ORBITAL PARAMETER HlSTORIES 
USED IN GAS BUDGET COMPUTATIONS 
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